A cDNA clone isolated from rat liver was demonstrated to encode a soluble, secreted growth hormone (GH)-binding protein consistent with the properties of the newly discovered serum GH-binding protein. The protein coding region of this cDNA was identical in sequence to the extracellular domain of the rat liver GH receptor up to three amino acids before the putative transmembrane domain. At this point, an additional 17 amino acids were encoded in the GH-binding protein before a stop codon was encountered. This cDNA clone was shown to be representative of the structure of the mRNA present in rat liver. These results suggest that the mechanism for production of the rat serum GH-binding protein is by alternative splicing of the gene for the rat GH receptor.
Growth hormone (GH) is a polypeptide secreted by the anterior pituitary that acts through specific high-affinity cell-surface receptors located primarily in the liver (Hughes and Frieson 1985) . Recently a specific high-af finity protein that binds GH has been identified in serum (Ymer and Herington 1985; Baumann et al. 1986; Herington et al. 1986 ). This serum GH-binding protein has a close structural relationship to the GH receptor present on the surface of cells. Genetic, immimological, and biochemical data suggest colinearity and identity between the extracellular domain of the GH receptor and the GH-binding protein (Eshet et al. 1985; Barnard and Waters 1986; Baumaim et al. 1987; Daughaday and Trivedi 1987; Leung et al. 1987; Baumann and Shaw 1988; Spencer et al. 1988) . It has been proposed that the GH-binding protein is produced by proteolytic cleavage of the GH receptor (Leung et al. 1987; Spencer et al. 1988; Trivedi and Daughaday 1988) .
We now report the isolation and characterization of two classes of cDNA clones, both of which encode pro teins that bind GH in vitro. One class encodes a mem brane-bound protein, which is the GH receptor. The other class of cDNA clones encodes a soluble secreted protein that contains the same putative GH-binding re gion but lacks the transmembrane and intracellular do mains. These regions are replaced with a 17-amino-acid hydrophilic segment that is followed by a unique 3'-un translated region. The data suggest that the serum GHbinding protein in rats is likely to be an alternatively spliced form of the GH receptor. ' Corresponding author. ^Present address: Embryogen, Princeton Forrestal Center, Princeton, New Jersey 08540 USA.
Results

Isolation and characterization of GH receptor and GHbinding protein cDNAs
To isolate clones that encode the rat GH receptor, a rat liver cDNA library was screened with two oligonucleo tide probes and a fragment of a rabbit GH receptor cDNA. On the basis of restriction mapping and prelimi nary DNA sequence analysis, the clones could be sepa rated into two classes. Two clones, RatRl and RatBPl, as representatives of each class, were sequenced com pletely. Figure 1 shows the nucleotide sequence and the predicted amino acid sequence of both RatRl and RatBPl as well as a comparison of these sequences in the region of divergence. The longest open reading frame in RatRl contains 638 amino acids and encodes a protein with the known structural properties of the GH re ceptor. The hydrophobicity profile (Fig. 2) predicts a signal sequence located from amino acid 1 to amino acid 17 and a single transmembrane domain located from amino acid 266 to amino acid 289. Homology compar isons at the amino acid level between this putative rat GH receptor and the rabbit and human GH receptors in dicate 73.8% and 68.9% identity, respectively. Figure 1 shows the nucleotide sequence and predicted amino acid sequence of RatBPl. The longest open reading frame contains 279 amino acids. RatBPl is identical with RatRl in nucleotide sequence up to amino acid 262. At this point, the sequences diverge and in place of the GH receptor hydrophobic transmembrane domain there is a unique 17-ainino-acid hydrophilic region (Fig. 2) . There fore, it is likely this gene product would be secreted from cells and not anchored in the membrane. On the basis of these data, RatRl encodes the rat liver GH receptor and RatBPl encodes a soluble secreted form of that receptor consistent with the properties of the GH-binding protein found in serum.
Also shown in Figure 1 is the sequence of RatBPl that diverges from RatBPl in the 5'-noncoding region. This divergence could represent alternative splicing at the 5' end of the gene, alternative transcription start sites, or a combination of both. A similar situation with alterna tive 5'-noncoding regions exists in rabbit GH receptor clones (Leung et al. 1987) .
Structure of the mRNA in rat liver
To determine whether these cDNAs represent mRNA species present in vivo, cytoplasmic poly(A) + RNA was prepared from rat liver and subjected to Northern anal ysis (Fig. 3A) . Three probes were used. Probe A is unique to the GH receptor and corresponds to its intracellular domain. Probe B corresponds to the extracellular domain of the GH receptor and, therefore, is present in both the GH receptor and the GH-binding protein. Probe C corre sponds to the unique 17 amino acids and the 3'-nontranslated region of the GH-binding protein cDNAs. Probe A recognizes a 4.75-kb mRNA, and probe B recog nizes a 4.75-and 1.2-kb mRNA. Probe C recognizes the 1.2-kb mRNA species. These results indicate that the GH-binding protein cDNAs are represented by a 1.2-kb mRNA and that the GH receptor cDNAs are represented by a 4.75-kb mRNA. It is likely that RatBPl and RatBP2 are full-length copies of the 1.2-kb mRNA. Although no poly(A) sequence is present in these cDNAs, the exis tence of the sequence AATAAA, a signal for polyadenylation (Bimstiel et al. 1985) at the 3' end of RatBPl is consistent with this hypothesis. Both males and females contain the same mRNAs in the same ratio, although females reproducibly have slightly elevated levels (Fig.  3A) . This observation supports previously published quantitations of GH-binding sites in male versus female rat liver (Maes et al. 1983) . To establish at the nucleotide level the structure of GH receptor and GH-binding protein mRNAs, SI nu clease mapping was performed with 3'-end-labeled probes (Fig. 3B ). Probe BP is 3'-end-labeled at the BamUl site at position 501 and extends to the extreme 3' end of RatBPl. Probe GHR is 3'-end-labeled at the same BamHI site and extends to the Bglll site at position 936 in RatRl. Thus, both probes have 288 nucleotides in common, extending from the BamHI site to position 787, after which the receptor and binding protein clones diverge. Each probe was subjected to SI nuclease map ping by use of female rat liver poly(A)"^ RNA. Probe GHR protected two bands, corresponding to a GH re ceptor mRNA (443 nucleotides) and a GH-binding pro tein mRNA (288 nucleotides). The doublet observed at position 288 in Figure 3B (lane d) probably represents in complete digestion of the GHR probe, but the possibility of heterogeneity in binding protein mRNA cannot be ruled out. However, four independent binding protein Figure 2 . Schematic of the rat GH receptor and the rat serum GH-binding protein. The hydropathy plot is from the method of Kyte and Doolittle (1982) with a window of 10 residues.
cDNA clones were sequenced through this region and found to be identical, which suggests that mRNA heter ogeneity is unlikely to be the case. Probe BP protected two bands also. The 447-nucleotide band corresponds to a GH-binding protein mRNA and the 288-nucleotide band corresponds to a GH receptor mRNA. These data show that the RatRl and RatBPl cDNAs represent two distinct mRNA species expressed in rat liver.
Expression of GH leceptoi and GH-binding protein cDNAs in COS-7 cells
The ligand binding properties and expected physical lo cation of the receptor and binding protein encoded by RatRl and RatBPl, respectively, were determined by ex pression in eukaryotic cells. The cDNAs were subcloned into the expression vector pSVL which initiates tran scription from the SV40 late promoter and contains the SV40 origin of replication (Templeton and Eckhart 1984) . These plasmids were transfected into COS-7 cells (Gluzman 1981) . At 3 days post-transfection, the medium and the cells were assayed for binding of ^^^I-labeled bovine GH in the absence and presence of unlabeled bovine GH to determine specific binding ( Table 1) . As predicted, essentially all of the RatBPlbinding activity (96%) was found in the medium. In the case of RatRl, the majority of the specific binding ac tivity was associated with whole cells. The apparently high level (23%) of binding activity seen in the medium varied among experiments from undectable to 28% and probably reflected the release of membrane-bound re ceptors into the medium through cell lysis. Consistent with this hypothesis is the observation that this com plex was larger, as determined by Sephacryl S-200 chro matography, than the GH-binding protein complex (data not shown). Cross-linking SDS-PAGE studies showed that the GH-binding protein complex was identical in size to the endogenous rat serum GH-binding protein complex (data not shown). Kinetic analysis of the data ( Fig. 4 ; see Materials and methods for details) indicated that the binding was saturable with a dissociation con stant {Kj] of 0.51 nM for the putative GH receptor (RatRl) and 0.41 UM for the putative GH-binding protein (RatBPl). These values are within the range of published constants of bovine GH binding to rat liver receptors (Maes et al. 1983 and references therein).
Discussion
A novel cDNA has been cloned from rat liver that en codes a soluble, secreted GH-binding protein. This pro tein is likely to be the serum GH-binding protein and is identical in sequence to the GH receptor for the first 262 amino acids but then contains an additional 17 amino acids not present in the GH receptor. The identity in DNA sequence indicates that alternative splicing of the GH receptor gene is the mechanism of production of the GH-binding protein rather than the existence of two closely related genes. A recent publication (Smith et al. 1988) has confirmed that tw^o mRNAs homologous to the rabbit GH receptor cDNA are present in mouse liver. However^ no data were presented on the structure of these mRNAs. Previous evidence from human and rabbit studies has suggested that the GH-binding protein is a proteolytically cleaved form of the receptor (Leung et al. 1987; Spencer et al. 1988; Trivedi and Daughaday 1988) . A more detailed investigation of the structure of mRNAs in these species is required to resolve this situa tion.
The function of the GH-binding protein in serum is unknovm. It may function as a reservoir for GH in serum, and as such, it has been shown to increase the half-life of GH and to modify its distribution within the body (Baumaim et al. 1987) . However, the identification of the GH-binding protein as a distinct molecular ge netic entity and not necessarily as a proteolytic cleavage product of the GH receptor implies that the level of the two species can be regulated separately. This suggests a variety of possible functions. For instance, GH-binding protein production by individual tissues could alter in dependently their own sensitivity to circulating GH. Serum levels of GH-binding protein also could be regu lated under certain physiological conditions, thus al tering GH action in the whole animal. These effects could result in a complex pattern of GH activity in vivo that is not determined merely by serum levels of the hormone. Several other examples of soluble forms of cell-surface receptors have been demonstrated in vivo, for example, nerve growth factor receptor (DiStefano and Johnson 1988), transferrin receptor (Beguin et al. 1988 ), IGF-II/maimose 6-phosphate receptor (MacDonald et al. 1989) , N-CAM (Gower et al. 1988) , IgM (Gough 1987) , and MHC antigens (Gussow and Pleogh 1987) . Apart from immunoglobulins, the functions of these soluble forms of cell-surface receptors have not been identified, although the mechanism of production of several has been shov^nn to be alternative splicing (Gough 1987;  COS-7 cells were transfected with either pSVLRatRl or pSVLRatBPl and fractions (whole cells and medium) were prepared. Specific binding was determined by incubation in the presence or absence of excess unlabeled bovine GH. Bound and free were separated as described in Materials and methods. Specific binding is expressed as a percentage of total binding for each plasmid (whole cells + medium). Gussow and Pleogh 1987; Gower et al. 1988) . Clearly, soluble forms of receptors could have an important role in the regulation of ligand action in vivo. 500-nucleotide £coRI fragment, corresponding to the intracel lular domain of the rabbit GH receptor, was labeled with [a-^^P]dCTP by random priming (Feinberg and Vogelstein I983a, b) and was used to screen the rat liver cDNA library. Two positives, designated RatR2 and RatRl, were selected for further analysis. All of the cDNAs were excised from bacterio phage Xgtll and subcloned into pGEMS (Promega Biotec, Mad ison, Wisconsin). Complete DNA sequence analysis of RatBPl and RatRl by use of the dideoxy chain-termination method (Sanger et al. 1977) was determined by subcloning appropriate restriction fragments into pGEMS. Complete sequence data on both strands were obtained. RatRl contains two nonrelated cDNAs that were ligated during the cloning process. The ex treme 5' end of RatRl corresponds to rat apolipoprotein cIU. These data are not illustrated in Figure 1 . The begiiming of RatRl, which is depicted in Figure 1 and all subsequent figures, was determined by comparison to both the 5' sequence of RatR2 and the known sequence of apolipoprotein cin. A rele vant hybrid of RatR2 and RatRl was used for sequence determi nation as shown in this figure and for all subsequent experi ments.
Materials and methods
Isolation of cDNA clones
A rat liver cDNA library cloned into bacteriophage Xgtll (pur chased from Clontech, Palo Alto, California) was screened with two oligonucleotide probes designed from the published se quence of the rabbit GH receptor (Leung et al. 1987) . The ohgonucleotides designated GHRl and GHR2 have the following sequence: 5'-GAGCCCAAATTCACCAAGTGCCGTTCACC-TGAACTAGAGAC-3' (148 to 188) and 5'-GCACCTTCT-CAGCTCAGCAATCCAAATTCACTGGCAAAC-3' (1411 to 1449), respectively. The oUgonucleotides were end-labeled with {-Y-^^PjATP and polynucleotide kinase. Hybridization was carried out in Chvirch buffer (Church and Gilbert 1987) at 60°C. Church buffer is 7% SDS, 0.5% bovine serum albumin, 0.5 M NaiHP04 (pH 7.2), and 1 mM EDTA. The filters were washed in 1 X SSC and 0.1% SDS at 55°C. GHRl gave 19 positives. Two positives, designated RatBPl and RatBP2, were selected for fur ther analysis. No positives were obtained with GHR2. Using GHR2 oligonucleotide as probe, a rabbit liver GH receptor cDNA was isolated from a rabbit liver cDNA library cloned into bacteriophage Xgtll. The library was constructed using random priming as described (Gvibler and Hoffman 1983 
RNA preparation and analysis
Cytoplasmic RNA was prepared from adult (7 weeks) male or female rat liver tissue as described (Favaloro et al. 1980 ) and poly(A)+ RNA was selected by chromatography on oligo(dT) cellulose (Maniatis et al. 1982) . For Northern analysis, 3 p,g of poly(A)"^ RNA was electrophoresized in a 1% agarose gel that contained formaldehyde and was transferred to nylon (Nytran, Schleicher &. Schuell) as described (Derman et al. 1981) . The membranes were prehybrized and hybridized in Church buffer. The blots were washed in 0.2 x SSC and 0.1% SDS at 65°C. Blots were exposed at -70°C to X-ray film with an intensifying screen. All probes were labeled with [a-^^P]dCTP by random priming (Feinberg and Vogelstein 1983a,b fragment of Escherichia coh DNA polymerase I. After extrac tion, the mixture was cleaved with Kpnl, which cuts in the polylinker 20 nucleotides 3' to position 944. Thus, this 458-nucleotide fragment was 3'-end-labeled at position 501. The GHR probe was prepared from RatRl-19, which is a subclone of RatRl from Hindlll, at position 392, to BgRi, at position 936. RatRl-19 was cut with BamHl, at position 500, and £coRI (in the polylinker) and then incubated with [a-^^pjdGTP (3000 Ci/ mmole) and the Klenow fragment of E. coh DNA polymerase I. The 463-nucleotide fragment similarly was 3'-end-labeled at position 501. SI nuclease mapping was performed as described (Favaloro et al. 1980; Maniatis et al. 1982) . The probe was hy bridized with or without 3 (ig of poly(A)+ mRNA from adult female rat liver. The protected fragments were analyzed on a 4% acrylamide-urea gel and exposed to X-ray film at -70°C with an intensifying screen.
Expression of cDNAs in COS-7 cells and hgand binding studies
RatBPl and RatRl cDNAs were cloned into the Smal site of pSVL (Pharmacia). These plasmids and pSVL were transfected into COS-7 cells by the standard calcium phosphate precipita tion technique (Gorman et al. 1983) . After transfection, the cells were kept in Dulbecco's modified Eagle's medium con taining 10% fetal calf serum. At two days post-transfection, the medium was removed and the cells were washed with PBS. A serum free medium, MCDB 201 medium, complete with trace elements and containing L-glutamine and 30 mM HEPES, origi nally designed for clonal growth of chicken embryo fibroblasts (Sigma), was added, and the cells were incubated for an addi tional day. At harvest, the medium was removed and saved. The cells were scraped into PBS and washed twice with PBS. Cell-associated GH-binding activity was measured by incuba tion of the cells in PBS containing 0.5% bovine serum albumin, 10 mM MgClj with 40,000 cpm of •"I-bovine GH (50-60 (xCi/ | jLg) and increasing amounts of unlabeled bovine GH. Bound and free fractions were separated by centrifugation. GH-binding ac tivity in the medium was detected by incubating in 0.5% BSA and 10 mM MgClj with increasing amounts of ^^^j.bovine GH. Bound and free fractions were separated by chromatography on a Sephacryl S-200 column as described (Ymer and Herington 1985; Baumann et al. 1986; Herington et al. 1986 ).
